The P700 chlorophyll a-protein was purified by preparative sodium dodecyl sulfate (SDS) gel electrophoresis from SDS- Nelson, 1975 Nelson, , 1977 , P700 in vivo is associated with a minimum of four subunits of approximately 60 kD.
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to 70 kD polypeptide species (5, 10, 19, 26) . However, a broad protein band or two distinct protein bands in the 60 to 70 kD range have also been observed upon denaturation of the Chlprotein complex (2, 10, 20, 23, (27) (28) (29) . One suggested explanation for these observations is that the two protein bands are the result of proteolytic degradation of a single component (10, 19) .
The greatest P700 enrichment (low Chl/P700 ratios) is routinely observed in PSI preparations containing the 60 to 70 kD polypeptide(s) and additional polypeptide components of less than 25 kD (22) . Further purification of the high mol wt polypeptide(s) often results in loss of P700 activity. This could be explained as resulting from denaturation of the Chl-protein complex by the harsh treatments required to remove additional polypeptides. Alternatively, the low mol wt components may be required to preserve P700 photochemical activity. Low Chl/P700 (40-60/1) ratios have been reported recently for higher plant isolates which appear to contain only the 60 to 70 kD polypeptide(s) (18) .
As a first step toward studying the biosynthesis of the P700 Chl a-protein, we chose to reexamine the polypeptide composition of the photochemically active protein, characterize the component polypeptide(s) biochemically, and develop monospecific antibodies to the major protein component.
MATERIALS AND METHODS
Chloroplast Membrane Preparation. Membranes were prepared from 10-to 14-d-old greenhouse-grown Hordeum vulgare L. (cv Himalaya) seedlings. Leaves (10 g fresh weight) were chilled and homogenized at 4°C using a Polytron (Brinkman) with two, 5-s high speed bursts in 250 ml 0.5 M sucrose, 0.1 M NaCl, 1 mm DTT, 20 mi sodium ascorbate, 50 mm Tris-HCl (pH 8.0). The homogenate was filtered through two layers of Miracloth (Calbiochem) and centrifuged 5 min at 12,000g. The membrane pellet was washed twice by resuspension in 100 ml 0.1IM NaCl, 1 mm EDTA, 20 mm sodium ascorbate, 50 mm Tris-HCl (pH 8.0), and centrifugation for 10 min at 20,000g, twice.
The same procedure was used to prepare membranes from soybean (Glycine max L.), tobacco (Nicotiana tabacum L.), petunia (Petunia x hybrida), and tomato (Lycopersicum esculentum). Chlamydomonas reinhardti cells were harvested at 10,000g for 10 min, resuspended in the homogenization medium, and broken by one passage through a cooled French pressure cell (Aminco) at 8,000 p.s.i. Remaining steps were performed as for leaf homogenates.
Preparative Electrophoresis. Membranes were homogenized directly after isolation using 1 ml of 1% SDS (w/v), 10 mm Trisglycine (pH 8.3) per mg Chl. The membrane detergent mixture was incubated no more than 10 to 15 min at room temperature and then insoluble material was removed by centrifugation at 15,000g for 1 min. Protein separation was performed on modified Laemmli SDS-gels (17) in which 25 Spectroscopy. Absorption spectra and P700 measurements were recorded at room temperature using an Aminco DW-2 spectrophotometer. Corrected fluorescence excitation and emission spectra were recorded at room temperature on an Aminco SPF-500 spectrofluorometer. Chl content of whole membranes, detergent solubilized preparations, and isolated P700 Chl a-protein was determined in 80%1o acetone extracts according to Arnon (3). P700 content was determined from the reversible light-induced absorbance change at 697 nm according to Thornber (31) or by chemical difference spectroscopy (21 Amino terminal analysis was performed by combined DansylEdman microsequencing (9) .
Analytical Electrophoresis. Analytical electrophoresis was performed according to Laemmli (17) . Gels were stained using Coomassie Brilliant Blue R, or silver stain using the procedure of Oakley et al. (24) .
Peptide Mapping. The 58 and 62 kD polypeptides of the P700 Chl a-protein complex were isolated for CNBr4 digestion or proteolysis by electrophoresis on 7.5% acrylamide gels. For CNBr digestion, gel slices were placed in 80%1o HCOOH which contained 10 or 100 mg/ml CNBr and then incubated overnight in the dark. After digestion, the HCOOH which contained the cleavage products was removed and evaporated to dryness under N2. Dried peptides were solubilized in 2% SDS, 6 M urea, 50 mM DTT, 0.125 M Tris-HCl (pH 6.8), and analyzed on 15% acrylamide gels. BSA was cleaved as a control.
Partial proteolysis using S. aureus V-8 protease (Miles) was performed essentially according to Cleveland et aL (11) . Gel slices containing the polypeptide to be analyzed were placed in sample wells of a second analytical gel composed of a 4-cm stacking gel (3% acrylamide) and a 10-cm separating gel (15% acrylamide).
Protease (20 ,ul) were rinsed again and allowed to air dry before exposure to Kodak X-Omat AR 5 film with an intensifying screen (Cronex). Using this technique, it was possible to detect an original gel load of 16 ng of P700 Chl a-protein.
RESULTS
Yield and Spectral Characteristics. Figure 1 shows segments of a typical preparative gel used for P700 Chl a-protein isolation from barley chloroplast membranes. In the unstained segment (lane A), three Chl-containing bands are visible, the P700 Chl a-protein (or CPI), the Chl a/b-protein (or CPII), and free Chl which is not complexed to protein. When the gel is stained for protein (lane B), the P700 Chl a-protein is seen to be well separated from all other chloroplast membrane proteins. The Chl-protein complex has an apparent mol wt of approximately 120 kD. There is no evidence of protein banding at the position of the P700 ChM aapoprotein (60 kD), indicating no significant dissociation of the Chl-protein complex occurred before or during the electrophoresis. There was also little or no staining material on top of the stacking (not shown) or separating gel. It is therefore reasonable to assume that all of the P700 Chl a-apoprotein present in the starting extract was recovered in the high mol wt Chl-protein complex.
All Chl-containing gel bands were excised, the protein and Chl eluted, and the Chl and P700 content quantified. Resulting estimates of the yield of Chl and P700 indicate that approximately 6 to 8% of the total Chl and 43 to 56% of the total P700 activity applied to the gel were recovered in the P700 Chl a-protein containing gel eluate (Table I ). There is no indication that the unrecovered P700 activity is associated with an additional distinct Chl-binding protein. We hypothesize that incomplete recovery of activity results from inactivation of 50%Yo ofthe P700 reaction centers during electrophoresis or gel elution. Consistent recovery of only 50 to 60%1o ofthe starting Chl is presumably due to Chl degradation and loss of Chl in low concentration in the interband regions.
The room temperature absorption characteristics of the isolated P700 Chl a-protein are presented in Figure 2 . The red absorbance maximum, 674 to 676 nm, is shifted to a longer wavelength compared to the starting membrane extract (669 nm) as is expected for this complex (32 34 ).
The isolated P700 Chl a-protein exhibited photo-induced bleaching characteristic of the reaction center of PSI (Fig. 2, inset ). In the presence of added methyl viologen and sodium ascorbate, the reaction center is oxidized in the light with a half-time of <2 s and re-reduced in the dark with a half-time of 10 s. No such signal is detected in the gel isolates of either the Chl-a/b-protein or free Chl.
The wavelength dependence of the light-induced absorbance change shows a maximum at 697 nm (Fig. 3) . The chemical difference spectrum has the same spectral properties and, in addition, confirms the absence of other redox components, such as Cytf (A max = 554 nm) and b6 (A max = 563 nm), which are associated with PSI in the thyla-Loid membrane (34 per P700 reaction center. This result was consistent when P700 was measured either by light-induced or chemical difference spectroscopy. The presence of 0.05 to 0.10% Triton X-100 during elution of the protein from the gel was required to obtain this level of P700 enrichment. In the absence of Triton X-100, measurable P700 activity was decreased by 50 to 70% (Chl/P700 = 120:1).
The same preparative procedure was used successfully for the isolation of the P700 Chl a-protein from petunia, tobacco, tomato, soybean, and Chlamydomonas. The isolated protein from all species had similar absorption spectra with red maxima of 676 nm. The Chl/P700 ratio of the complex was 50 to 60:1 for all species.
Analysis of Polpeptide Composition. The polypeptide composition ofthe photochemically active P700 Chl a-protein preparation was examined using analytical SDS-PAGE. When the Chl-protein was re-electrophoresed without the addition of SDS and 2-mercaptoethanol (or DTT), the P700 Chl a-protein migrates as a Chlbinding complex with a mol wt of approximately 120,000 (Fig. 4) demonstrating the stability of the complex as isolated. Addition of SDS and sulfhydryl reagent dissociates the 120 kD form to what appears to be a single polypeptide species of 62 kD, when analyzed on 12.5% acrylamide gels. No lower mol wt components are observed, and >95% of the total protein is accounted for by the 62 kD band as determined from densitometric scans. The absence of protein bands between the 120 and 62 kD forms of the protein, despite the obvious incomplete denaturation at lower SDS and 2-mercaptoethanol concentrations, suggests that the 120 kD band is comprised of a maximum of two subunits.
Observations of a doublet at 58 to 62 kD in some experiments prompted further analysis of the polypeptide composition. Electrophoresis on 10% and 7.5% acrylamide gels clearly resolved two distinct polypeptide components, one at 62 kD and one at 58 kD (Fig. 5) . The 58 kD component was always observed as a poorly resolved, diffuse component. The stoichiometry of the two polypeptides is 1:2, 62:58 kD, as estimated by integration of densitometric scans of the Coomassie blue-stained gels. The same polypeptide composition has been observed in all species examined (data not shown).
The possibility that the double-banded appearance was produced by electrophoresis was tested in two ways. After denaturation and electrophoresis in 7.5% acrylamide tube gels, the protein was subjected to a second dimension SDS-PAGE. The two components were observed to retain their integrity. Similarly, the 62 and 58 kD bands could be excised, eluted from the gel, and reelectrophoresed. In this experiment, they also migrated at their original mol wt.
Diffuse banding patterns are often exhibited by glycoproteins (14) . We found (34) firms this result (16) .
It has been suggested previously that the double-banded appearance of the P700 Chl a-apoprotein results from proteolytic degradation during isolation (10) . However, two protein bands were also observed when PMSF (2 mM) was used throughout the membrane isolation and solubilization procedures. Furthermore, despite variation between isolations in the length of the different procedural steps during which proteolysis might be proposed to occur, in no case was only the 62 or 58 kD band observed, nor did the band stoichiometry appear to vary significantly between isolations.
Partial Pepide Mapping. In order to test critically the possibility that the 58 and 62 kD polypeptides represented distinct, unrelated protein components, CNBr digestions and partial proteolysis using S. aureus protease were performed (Figs. 6 and 7) . CNBr analysis 1 7 proved difficult, presumably due to the insolubility of the protein and peptide fragments. Cleavage performed and analyzed as described resulted in only partial digestion as judged from the predicted number of fragments based on Met content. The BSA control was similarly incompletely cleaved. However, comparison of the partial cleavage products of the 58 and 62 kD polypeptides reveal strikingly similar major fragment sizes of approximately 30, 17, 14, and 12 kD (Fig. 6) . A number of the minor high mol wt bands present across the gel most probably represent gel or buffer contaminants detected by the sensitive silver staining procedure.
The homology, or identity, of the 58 and 62 kD polypeptides is further demonstrated by S. aureus partial digests (Fig. 7) . Although variations in the band stoichiometries are evident, all fragments produced are detectable in digests of both polypeptides. It i's particularly striking that the same major initial cleavage product Arrows indicate fragments which are common in digests of both subunits. Gel was stained with silver. Figure 7 .
It is not possible from these experiments to identify differences in the mol wt of specific peptide fragments which would account for the mol wt difference ofthe polypeptides. More precise peptide mapping studies are required to determine whether such differences exist.
Amino Acid Analyses. Protein for amino acid analyses was isolated using Tris-HCl buffered acrylamide gels rather than the Tris-glycine buffer gels used for isolation of protein for photochemical analyses. Antibodies. To demonstrate precisely the specificity of the anti- bodies generated to the P700 ChM a-protein, protein blotting experiments were performed. Isolated P700 ChM a-protein and total barley leaf proteins (from 10-to 14-d-old seedlings) were separated on 12.5% acrylamide gels and blotted to nitrocellulose. In experiments of this type, sera from all five animals inoculated reacted with a polypeptide component of identical mol wt as the denatured P700 ChM a-protein, and preimmune sera exhibited no reactivity with this polypetide (Fig. 8) . When the 58 and 62 kD polypeptides of the P700 ChM a-protein were resolved on 7.5% acrylamide gels, in some experiments, both polypeptides were observed to react, while in other experiments preferential reaction with 58 kD polypeptide was observed (Fig. 9) . The cause of this variation remains undetermined. The antibodies produced also showed greater reactivity with the denatured apoprotein than with the ChM-protein complex, although the photochemically active protein complex was used as an antigen. No evidence for the production of antibodies to ChM was obtained, and no cross-reactivity with the ChM a/b protein was observed.
The barley antibodies were shown to cross-react with the P700 ChM a-protein from soybean, tobacco, petunia, tomato, corn, and Chlamydomonas. Equivalent amounts (5 ,ug) of isolated P700 ChM a-protein from barley, soybean, petunia, and Chlamydomonas were denatured, electrophoresed, blotted to nitrocellulose, and processed as described (Fig. 10) . Cross-reactivity was observed for corn and tomato on protein blots of whole leaf extracts (data not shown). No significant differences in intensity of the reaction were observed between species using this type of assay, except in the case of Chlamydomonas which exhibited somewhat less intense labeling.
DISCUSSION
A current model of P700 ChM a-protein structure in vivo proposes that two identical polypeptides of approximately 60 kD bind one PSI reaction center and 40 molecules of light harvesting ChM a (5, 6) . However, numerous researchers have observed two poorly resolved high mol wt polypeptides, rather than a single polypeptide, upon dissociation of this Chl-protein (2, 19, 22, 23, 27, 29) .
Results of these workers were obtained using various isolation procedures involving different detergents such as SDS, Triton X-100, and digitonin, and different separation methods including gel electrophoresis, sucrose gradients, and isoelectric focusing. None of these studies have reported the reproducibility of these results, the stoichiometry of the two polypeptides, or the successful separation and characterization of the two components.
Results of the present study demonstrate that the P700 Chl aprotein can be routinely and reproducibly dissociated into two electrophoretically distinct polypeptide species which migrate at 58 and 62 kD in the electrophoretic system employed. Although on 12.5% acrylamide SDS-gels these components migrate as a single protein band, the two polypeptides have been readily resolved using 7.5 to 10%o acrylamide gels. These two polypeptide species have also been observed in P700 Chl a-protein preparations from all species examined to date. These data suggest that observations by other workers identifying a single polypeptide component (5, 10, 20, 26) may have in some cases resulted from the use of lower resolution gel electrophoresis. Furthermore, the 58 kD polypeptide is difficult to detect in total thylakoid membrane protein profiles because of its diffuse banding pattern. This fact could also lead to the failure in previous studies to recognize the 58 kD polypeptide as a component of the Pmo Chl a-protein.
Although the 58 and 62 kD polypeptides have been isolated electrophoretically as distinct components, peptide data demonstrate that the two polypeptides are largely homologous in primary structure. One-dimensional, partial peptide maps generated by two different methods, CNBr cleavage and S. aureus proteolysis,
show that the same peptide fragments are produced from the 58 and 62 kD polypeptides. These results also demonstrate that the 58 kD polypeptide is not a contaminant polypeptide unrelated to the P700 Chl a-protein. Nechustai and Nelson (23) have examined S. aureus proteolytic digests of the high mol wt polypeptides from a Chlamydomonas PSI preparation. Although the two polypeptides were poorly resolved in their preparation, their results support our conclusion that the polypeptides are similar.
It is not possible from these studies to determine definitively the molecular nature of the observed difference in electrophoretic mobility of these homologous polypeptides. The apparent mol wt difference could result from differences in primary protein structure, or from stable variations in secondary structure or differential post-translational protein modifications of polypeptides with identical primary structure. In at least two reports, the observation of two polypeptides has been attributed to proteolysis during isolation (10, 19) . Although it is difficult to unambiguously rule out this possibility, our data indicate that proteolysis is not involved. First, isolation in the presence of PMSF did not alter the polypeptide composition. Second, reproducibility of the results and failure to observe only the 58 kD polypeptide (the presumed product of proteolysis), indirectly argue against a proteolytic origin of the two polypeptides. Based on the assumption that the protein is encoded by the chloroplast genome (13) , there is only a single copy of the P700 Chl a-protein gene. This excludes the possibility that the two polypeptides are the products of a gene family as is the case for the nuclear encoded Chl a/b-protein (18) . Therefore, differences in primary structure, if not generated artifactually duing isolation, would have to result from differential post-translational protein processing or differential post-transcriptional processing of the apo-protein mRNA. No data are available addressing these latter possibilities. Thus, it is reasonable to propose that the 58 and 62 kD polypeptides represent altered forms of a single component.
Inability to interconvert the 58 and 62 kD polypeptides, as judged from re-electrophoresis experiments, suggests that a stable difference exists between the two polypeptide forms. Nechustai and Nelson (23) briefly speculate that the mol wt heterogeneity of the polypeptides from Chlamydomonas arises from post-translational modification. There is no evidence that the P700 Chl aprotein from any plant species is modified by glycosylation (16, 34) We have used the P700 Chl a-protein to raise successfully rabbit antibodies which specifically react with the apoprotein. These antibodies recognize the apoprotein from a wide variety of plant species. The observed preferential antibody reactivity with the 58 kD polypeptide may also be explained by conformational differences between the 58 and 62 kD polypeptides; such differences could restrict the available antigenic sites. Experiments demonstrating that the antibodies recognize the same CNBr peptide fragments from both polypeptides further support this conclusion (34) . These antibodies should prove useful in studies of P700 Chl a-protein structure and biosynthesis.
Other SDS-PAGE preparations of the P700 Chl a-protein which exhibit P700 activity have been described recently (1, 4, 18 
